Extraintestinal Escherichia coli infections are among the most significant infectious diseases in production birds and result in severe losses due to mortality, production losses, and condemnations. As a clearly defined genotype of avian pathogenic E. coli (APEC) has still not been determined, the term APEC is commonly ill-defined and used for strains isolated from poultry with clinical signs of different local and systemic E. coli infections, like air sacculitis, cellulites, and septicemia (2, 10, 14) . Although research has increasingly focused on the pathogenesis of APEC infections and the "APEC pathotype," we have little knowledge about the reservoir of these bacteria, considerably hampering disease control. Recent investigations comparing E. coli strains isolated from internal organs of poultry suffering from systemic infections with E. coli strains isolated from the intestines of clinically healthy chickens, designated avian fecal E. coli (A fecal E. coli), concentrated on genotyping, serotyping, and the use of various in vitro assays with a collection of strains (6, 28, 33, 37, 40) . Virulence genotyping has been suggested to be the best way to differentiate APEC from A fecal E. coli, while other typing methods, especially serotyping, might not be particularly useful due to the overlap in serogroups not only between APEC and chicken fecal isolates but also between APEC and other extraintestinal pathogenic E. coli (ExPEC) isolates, like uropathogenic E. coli (UPEC) isolates, as well as newborn meningitis E. coli (NMEC) strains (12, 36) . Nevertheless, serotyping is still a common method for estimating the pathogenic potential of APEC strains as it has been accepted for a long time that some serotypes, including serotypes O1, O2, O8, O18, and O78, are detected more frequently than other serotypes (11, 12, 28, 36, 37, 41) .
Rodriguez-Siek et al. (37) suggested that a typical member of the APEC pathotype is likely to contain several iron transporter-encoding genes, like irp2, fyuA, iutA, iroN, and sitA, and plasmid-associated genes, including cvi/cvaC, tsh, and iss. Moreover, pap genes, coding for P fimbriae, were much more likely to be found in APEC strains than in A fecal strains. Another study suggested that a widespread trait of virulent avian E. coli strains is their resistance to serum complement, which allows distinction between virulent strains and nonvirulent strains (32) . In contrast, Vandekerchove et al. (41) did not find a significant difference between serum resistance in APEC and serum resistance in fecal E. coli strains, raising the question of whether this trait is useless as a "pathotype marker" and the question of whether fecal strains serve as a reservoir for extraintestinal infections.
There is increasing evidence that virulence in E. coli extraintestinal infections is more likely linked to the phylogenetic background of a strain than to its ecological background (30, 34) . The common phylogenetic origins of APEC and other ExPEC, including UPEC in humans and a wide variety of animals, as well as NMEC in infants, emphasizes the potential zoonotic risk of avian-derived E. coli strains (23, 30, 44) . In humans, according to the fecal-vaginal-urethral hypothesis, E. coli strains causing urinary tract infection (UTI) are usually derived from the host's own fecal and perineal flora, which implies that fecal colonization with a urovirulent organism is a potentially modifiable risk factor for subsequent UTI (20) .
To assess the reservoir function of the chicken intestine, in vivo experiments using defined strains isolated from clinically healthy chickens or their environment that, based on the criteria mentioned above, fit into the current scheme of the APEC pathotype are necessary. Therefore, the aims of this study were not only to characterize a set of fecal and environmental E. coli strains by using molecular typing but also to select various strains from clinically healthy birds with different virulence gene patterns, serotypes, and phylogenetic backgrounds in order to assess their pathogenicity in a chicken infection model. Our findings prove that similar to UTI in humans, the chicken intestine can serve as a reservoir for E. coli strains capable of causing extraintestinal infections in avian and mammalian hosts, resulting in potential zoonotic risk. the dilutions were used for single and multiplex PCR protocols. Alternatively, bacterial DNA was extracted by a boiling procedure. Single colonies were cultured overnight at 37°C in 1.5-ml tubes containing 1 ml LB broth. Each bacterial suspension was centrifuged for 10 min at 14,000 rpm, and the pellet was resuspended in 200 l deionized distilled water. After 10 min of boiling in a water bath and centrifugation for 10 min at 14,000 rpm, the supernatant was used as template DNA for PCR assays.
Virulence genotyping. E. coli strains were investigated to determine the presence of various genes by using multiplex protocols described previously (12) 2 , vat, and hlyA); (v) invasion (ibeA, gimB, and tia); and (vi) the type III secretion system (escV). Miscellaneous genes (cvi/cva, pic, malX, and pks) were also included. Oligonucleotide primers were obtained from Sigma Genosys (Steinheim, Germany). Primer sequences, including sequences that have been described previously (9, 13, 17, 21, 27, 31, 39, 43, 45, 46) , and coordinates are shown in Table S1 in the supplemental material.
Primers were sorted into four pools based on primer compatibility and product size by using the previously described protocol. Each primer pool was validated by using control strains containing all the relevant virulence genes. All multiplex PCR procedures were performed with 25-l reaction mixtures containing 2.5 l of 10ϫ PCR buffer, 2.0 l of a 50 mM MgCl 2 solution, 1.5 U of Taq DNA polymerase (Rapidozym, Germany), 0.3 l of a 10 mM solution of each deoxynucleoside triphosphate, 0.1 l (100 pmol) of a oligonucleotide primer pair (Sigma-Aldrich, Germany), 2 l (40 ng) of template DNA, and appropriate volumes of double-distilled water. The reaction mixtures were subjected to the following conditions in a thermal cycler (T1; Whatman Biometra, Germany): 3 min at 94°C, 25 cycles of 30 s at 94°C, 30 s at 58°C, and 3 min at 68°C, and a final cycle of 10 min at 72°C, followed by incubation at 10°C.
Single PCRs for amplification of the polyketide synthesis gene pks, the adhesion genes bmaE, focG, gafD, nfaE, papAH, papEF, papG alleles II and III, and sfaS, and the aerobactin receptor gene iutA were performed by using a protocol described previously (11) . Briefly, 2 l (40 ng) of template DNA was added to a reaction mixture (25 ml) containing 0.5 ml (10 pmol) of each primer pair, 0.1 ml of a 10 mM solution of each deoxynucleoside triphosphate, 2.5 ml of 10ϫ PCR buffer, 1.25 ml of a 50 mM MgCl 2 solution, and 0.75 U of Taq polymerase. The samples were subjected to 25 cycles of amplification with the thermal cycler mentioned above, and the annealing and elongation times were adjusted for individual primers and the lengths of the products.
Horizontal gel electrophoresis was performed with 1.5% agarose for multiplex PCR products and with 1.0% agarose (Rotigarose; Roth GmbH, Germany) for single PCR products. Amplicons were stained with ethidium bromide and photographed with UV exposure, and their sizes were determined by comparison to a 100-bp DNA marker (Invitrogen, Germany).
EcoR grouping and MLST analysis. E. coli strains were classified according to the EcoR system (15) by using the rapid phylogenetic grouping PCR technique described by Clermont et al. (5) . Multilocus sequence typing (MLST) of E. coli strains used in chicken experiments was carried out by performing a sequence analysis of seven housekeeping genes (adk, fumC, gyrB, icd, mdh, purA, and recA) using the typing scheme described recently (44) . Sequence analysis and allocation of allele types to sequence types and sequence type complexes were performed with the software program Ridom SeqSphere (Ridom GmbH, Würzburg, Germany). The results were compared with MLST data deposited in the publicly available database (www.mlst.net) using the BioNumerics software (version 4.6; Applied Maths, Belgium).
Serum resistance assay. The bacterial survival and resistance in serum of 211 A fecal E. coli strains, 35 A environ strains, and 121 APEC outbreak isolates were examined by using an assay modified by Dozois et al. (7) . Briefly, a 100-fold dilution of an overnight culture was resuspended in 500 l LB broth and incubated with agitation for 1.75 h at 37°C. This culture was centrifuged for 5 min at 6,000 ϫ g, and the pellet was resuspended in 1 ml phosphate-buffered saline (pH 7.4) to obtain a concentration of approximately 10 7 CFU ml Ϫ1 . Fifty microliters of the suspension was added to 450 l of undiluted chicken serum (PAN Biotech GmbH, Aidenbach, Germany) in a 48-well microtiter plate, resulting in a concentration of 10 6 CFU ml Ϫ1 in 90% chicken serum. After mixing, the serumbacterium suspension was incubated at 37°C for 3 h. Samples used for determination of viable counts were taken at zero time and after 3 h of incubation. The responses were graded as follows: for grades 1, 2, and 3, the viable counts afterand 1 log more than the viable count for the inoculum; and for grades 5, 6 , and 7, the viable counts after 3 h were 1, 2, and 3 logs more than the viable counts for the inoculum, respectively. Each strain was tested at least three times, and the results were expressed as the means of the data obtained only for responses in the same direction. The controls included in each experiment were serumresistant APEC strain MT78 (29) , serum-sensitive strain BL21(DE3) (41) , and cells incubated with heat-inactivated chicken serum (heat inactivated at 56°C for 25 min).
In vivo tests. Chicken infection experiments were performed as described previously (1) . Briefly, groups of six 5-week-old specific-pathogen-free White Leghorn chickens (Lohmann Selected Leghorn; Lohmann Tierzucht GmbH, Cuxhaven, Germany) were infected intratracheally with 0.5 ml of a concentrated log-phase culture (optical density at 600 nm, 1) containing 10 9 CFU of each strain. Clinical symptoms were monitored hourly, and 24 h after infection clinical scores were assigned to the chickens before they were euthanized and sacrificed. Postmortem examinations were performed immediately after the death of the chickens. Organs were aseptically removed, and the severity of the macroscopic lesions attributed to E. coli was scored by using an organ lesion score, the maximum value of which was 14 (1). Mean lesion scores were determined for all groups, and the significance of differences was calculated by the two-tailed t test; P values of Ͻ0.05, Ͻ0.02, and Ͻ 0.001 indicated moderate, intermediate, and high levels of significance, respectively.
After an organ lesion score was determined, bacteria were reisolated from the lungs, kidneys, liver, spleen, and heart. Tissue samples of these organs were weighed, suspended in phosphate-buffered saline (1 ml/g), and homogenized with an Ultra-Turrax T25 (IKA-Labortechnik, Staufen, Germany). Serial 10-fold dilutions were plated onto LB agar plates that were subsequently incubated at 37°C for 24 h. Colonies were then counted to determine the number of CFU per gram in each organ. Random colonies obtained from various organs and animals were examined to determine their virulence gene patterns by performing multiplex PCR assays as described previously (12) to ensure that the strains reisolated from internal organs were identical to the strains used for infection of animals as far as possible. Animals were treated according to animal welfare norms, and after experimental infection chickens were monitored each hour until the end of the experiment (regulation 0220/06). Statistical analyses. Statistical analyses for in vivo animal experiments were carried out using the nonparametric Mann-Whitney U test, which was implemented in the Statistical Package for the Social Sciences (SPSS, version 10.0). Comparisons of proportions for a particular characteristic in different populations were performed by using data from in vitro and molecular assays, and significance was tested with SigmaPlot for Windows (version 10.0) by using the two-tailed t test. Because of the multiple comparisons, the thresholds for statistical significance were the thresholds indicated in the tables, and a P value of Ͻ0.0001 indicated strong statistical significance. An analysis of gene combinations for the virulence gene patterns of E. coli strains was performed with Microsoft Office Excel 2003.
RESULTS
Virulence genotyping of outbreak strains (APEC) and nonoutbreak (A fecal and A environ ) E. coli strains. The total number of genes identified among the 46 VAGs tested in 367 E. coli strains ranged from 2 to 32, irrespective of known possible colocalization of some of these genes on plasmids or pathogenicity islands or in operon structures. In general, the three groups of strains could be distinguished by the VAG profiles, as APEC strains contained a mean of 17.4 genes per strain and A fecal and A environ strains contained mean numbers of 10.2 and 5.1 genes per strain, respectively. However, single strains, irrespective of the source from which they had been isolated, could not be distinguished, as shown in Fig. 1 . For example, 57 (15.5%) of all the strains, including 9 (2.5%) A fecal E. coli strains, harbored at least 20 VAGs.
Nearly all isolates, irrespective of the E. coli group to which they belonged, harbored ompA, while the adhesin genes afa/ dra, bfp, and nfaE, as well as the toxin genes stx 1 and stx 2 , were not present in any strain. Identical VAG profiles were found only rarely. A substantial number of isolates harbored fimC and mat (at least 71.4% in each group), while the type 1 fimbria-encoding gene fimC was significantly less common in A environ strains than in APEC and A fecal E. coli strains. Most of the remaining adhesion genes were found in APEC more frequently than in nonoutbreak E. coli strains. For example, different P fimbria operon genes were present in 22.7 to 40.3% of APEC strains but were not present in any A environ strain. Of the strains isolated from diseased birds, 93.8% harbored papG allele II and the remaining three strains harbored papG allele III. In contrast, the heat-resistant agglutinin-encoding gene hra was found significantly more often in A fecal strains (47.4%) than in APEC strains (22.7%) and A environ strains (17.1%).
In general, plasmid-associated genes were found in higher numbers of APEC strains (52. 9 [tsh] to 88.2% [iroN] ), but they also occurred in a substantial number of A fecal E. coli strains. Among the nonoutbreak strains, A environ E. coli strains in general harbored fewer of these episomal genes (5.7% [tsh] to 48.6% [traT]), and traT was significantly less prevalent in these strains than in A fecal strains. Except for chuA, all iron transporter-encoding genes were significantly more prevalent in APEC strains than in A fecal and A environ strains.
When protectin genes were examined, the K1 capsule-encoding gene neuC and the serum resistance-conferring gene iss were significantly more prevalent in outbreak strains (41.2 and 88.2%) than in nonoutbreak A fecal strains (4.3 and 32.7%) and A environ strains (0 and 25.7%). In addition, the group II capsule antigen-encoding gene kpsMTII was frequently found in APEC strains (51.3%) and in A fecal strains (37.9%), while it was less prevalent in A environ strains (8.6%).
The toxin and hemolysin genes cnf1/2, hlyA, and sat were found almost exclusively in outbreak strains, but the numbers of strains were low (1.7 to 4.2%). Detailed results are shown in Table S2 in the supplemental material.
EcoR typing and association with the mean number of VAGs. The assignments of APEC, A fecal , and A environ strains to the four phylogenetic groups are shown in Table 1 . The majority of outbreak strains fell into group B2 (44.5%), whereas nonoutbreak strains were significantly associated with groups D (38.9%) and A (65.7%) but were also assigned to EcoR group B2 (2.9% of A environ strains and 23.2% of A fecal strains). Substantial numbers of A fecal strains (26.1%) and A environ strains (25.7%), but only 2.5% of APEC strains, were assigned to group B1. Strains belonging to phylogenetic group B2 harbored the highest mean number of VAGs (18.7), and the numbers were lower in strains falling into groups D (12.3), A (8.6), and B1 (6.4). Several VAGs, including neuC, ibeA, gimB, malX, vat, and pks, were strongly associated with group B2 strains, irrespective of the E. coli group to which they belonged (P Ͻ 0.0001).
Serum resistance assay. As serum resistance has previously been shown to be a marker for virulence, we examined the survival of all E. coli strains in chicken serum after 3 h. Strains were classified as highly sensitive (grades 1, 2, and 3), intermediately sensitive (grade 4), or resistant (grades 5, 6, and 7) to serum. As expected, control strain MT78 was serum resistant, whereas BL21 was serum sensitive, a phenotype that was completely abolished when heat-inactivated serum was used. Although the percentage of serum-resistant isolates (grades 5 to 7) was significantly higher among APEC isolates than among A fecal strains and was significantly higher among A environ strains than among A fecal isolates, the overall percentages of serum-resistant strains in these three groups of strains were comparable and high; 79.2% of the A fecal strains, 88.6% of the A environ strains, and 89.3% of the APEC strains exhibited this phenotype. (Fig. 1 ; see Table S3 in the supplemental material). Accordingly, the proportion of serum-sensitive strains (grades 1 to 3) among A fecal strains was rather low (13.7%), and only 1 of 35 A environ strains had a serum-sensitive phenotype. While the isolates that were serum resistant and the isolates that had an intermediate level of resistance were nearly equally distributed among phylogenetic groups A, B1, B2, and D, we observed a highly significant association (P Ͻ 0.0001) between the serum-sensitive phenotype of E. coli strains and phylogenetic group D. Most noticeably, there was no statistical evidence for an association of serum resistance with the profile of VAGs known to account for this phenotype in APEC strains, such as iss and traT, whereas other genes, including hra, chuA, iucD, iutA, and east-1, exhibited significant associations with the serum resistance phenotype of the strains investigated.
MLST. Sixteen E. coli strains that were selected for in vivo experiments based on the virulence gene profile, assignment to an EcoR group, and the serum resistance phenotype were characterized further by MLST (Table 2) . Prototype APEC strain IMT5155 (O2:K1:H5), which was used as a positive control in chicken infection studies, was identified as a sequence type 140 (ST140) strain which belongs to sequence type complex 95 (STC95). STC95 currently accounts for the majority of phylogenetically typed ExPEC strains and comprises all known ExPEC pathotypes from humans, as well as from animals (www.mlst.net). Nonoutbreak A fecal strain IMT15146 (O1:K1:H7) could also be assigned to this complex (ST95 and STC95). Another A fecal strain, IMT14782 (Ont:NM) was grouped in ST69 of STC69, which to date includes almost exclusively human UTI strains. Other sequence types identified among nonoutbreak A fecal and A environ strains were ST58, ST115, ST420, ST428, ST429, and ST920, most of which have not been assigned to a sequence type complex. The remaining strains either exhibited new sequence types (n ϭ 4) or were not typed (n ϭ 1).
Chicken experiments. As mentioned above, in addition to the prototype colisepticemia outbreak strain IMT5155 and the negative control strain IMT11327, both of which were used to establish the systemic chicken infection model (1), we selected 14 nonoutbreak A fecal and A environ E. coli strains for in vivo experiments (Table 2) . Briefly, the viable counts of bacteria in internal organs, as well as the ability to cause pathomorphological changes, scored based on the severity of organ lesions, are shown in Fig. 2 and 3 . The most severe pathomorphological changes were observed in chickens infected with outbreak strain IMT5155, and the maximum average score was 7.5 Ϯ 2.5 (Fig. 2) . As expected, nonpathogenic control strain IMT11327 induced pathomorphological changes with a maximum average score of only 1.4, which was due mainly to moderate lesions in the lungs and air sacs. However, a considerable number of the nonoutbreak A fecal and A environ strains caused macroscopic lesions typical of systemic APEC infection. Among other symptoms, we observed air sacculitis, pneumonia, and pericarditis that resulted in organ lesion scores significantly higher than those obtained for chickens infected with IMT11327. Only A fecal E. coli strain IMT12226 had an organ lesion score similar to the score for the negative control strain, while the remaining scores ranged from 3.3 Ϯ 1.2 for IMT10676 to 6.2 Ϯ 1.9 for IMT10740, both of which have been isolated from the air-handling system of a chicken coop. The latter strain thus caused a highly significant increase in the organ score (P Ͻ 0.001) compared to the negative control strain IMT11327. There were four more strains that caused higher organ scores at a significance level of P Ͻ 0.02 and another four strains that caused moderately higher scores (P Ͻ 0.05).
Although the potential to induce lesions in internal organs is an important criterion for the virulence grade of a strain, a bacterium's ability to persist systemically is crucial and was therefore assessed in our study. At 24 h postinfection, viable bacterial counts comparable to those observed for outbreak strain IMT5155 were detected in the lungs of four groups of chickens infected with nonoutbreak strains IMT6487, IMT10666, IMT10676, and IMT10740, while approximately 10-fold reductions in the bacterial loads were observed for the lungs of the remaining chicken groups (Fig. 3) . Conversely, it was observed that on average bacterial spread in internal organs was reduced in chickens infected with negative control strain IMT11327, and the decreases in the viable counts were almost 100-to 1,000-fold in the spleen, kidneys, and liver (examples are shown for the kidneys and spleen in Fig. 3 ). Comparable decreases in the bacterial counts were observed for organs of chickens infected with A fecal strains IMT12205, IMT12226, and IMT15153. Although none of the other nonoutbreak strains had viable counts in internal organs that were as high as those observed for IMT5155, we found 10-to 1,000 fold increases in the spleen, kidneys, and liver. On average, higher numbers of A environ strain IMT10740 and A fecal strain IMT15146 than of the negative control strain and the remain- ing nonoutbreak strains were reisolated from all internal organs, as shown for the lung, spleen, and kidneys in Fig. 3 .
DISCUSSION
In the present study we analyzed the virulence traits, phylogenetic background, and serum resistance of E. coli nonoutbreak isolates obtained from clinically healthy chickens and their environment (A fecal and A environ strains) and compared these strains with APEC outbreak strains. We found that a number of A fecal E. coli strains have characteristics typical of APEC and basically of human and animal ExPEC and that some nonoutbreak strains are capable of causing systemic disease in immunocompetent 5-week-old chickens. Thus, our findings corroborate the avian intestine reservoir hypothesis. Most interestingly, some A fecal strains belonged to multilocus sequence types that are regularly observed not only among avian strains but also among human ExPEC strains, including strains causing UTI, septicemia, and newborn meningitis. Our data therefore strongly suggest that the virulence of APEC strains is determined not by their extraintestinal habitat but rather by their phylogeny. Another important finding was that the serum resistance of avian E. coli strains is not a useful marker for in vivo virulence, as this feature is widely distributed among all three groups of strains tested irrespective of their virulence for adult chickens.
The virulence genotyping data were basically compatible with previous studies that established the fact that a few VAGs which are probably essential in this host environment, like fimC, mat, ompA, and traT, were regularly detected in A fecal E. coli strains. For the other VAGs, a high level of diversity was observed, which is consistent with the situation in APEC, demonstrating that all stages of infection could putatively be mediated by several alternative virulence factors (11, 12, 16, 37) . In general, nearly all VAGs tested in our study were present significantly more often in the outbreak strains, a finding in agreement with the findings of previous studies (6, 24, 28, 41) .
However, this reflects a narrow view of the virulence features of the E. coli groups analyzed as a whole, neglecting the possibility that one or more exceptional supposedly nonpathogenic strains are potential risks as infectious agents. Taking a closer look at the virulence gene patterns of single nonoutbreak avian E. coli strains in particular, we recognized a considerable number of strains that were absolutely indistinguishable from outbreak strains because they harbored genes like fimC, papC, papG, hra, tsh, fyuA, chuA, iroN, iucD, iutA, sit, cvi/cva, iss, vat, ibeA, gimB, and neuC in various combinations, some of which have recently been directly linked with the "APEC pathotype" (37, 41) , in addition to the similarity to other ExPEC pathovars (12, 20, 36) . We also found that, although significantly higher numbers of A fecal strains were sensitive to chicken serum, nearly 80% of these strains exhibited a serum-resistant phenotype, which currently is a commonly accepted virulence feature of APEC (32) . A similar proportion (4%) of serum-sensitive isolates among APEC strains has been reported by Vandemaele et al.; however, these workers did not compare the outbreak isolates with A fecal strains (42) . Also similar to our data, Vandekerchove et al. did not find a significant difference between serum resistance in outbreak isolates and serum resistance in control isolates, supporting our hypothesis that the chicken intestine may accommodate virulent ExPEC strains (41) . In the study of Vandekerchove et al. cecal (95%) and extraintestinal (100%) outbreak isolates showed negligibly higher percentages of serum resistance than cecal (88%) and extraintestinal (87%) control isolates. Thus, these authors concluded that either this trait might not be useful as a marker for the APEC pathotype or fecal strains could possibly serve as a reservoir for extraintestinal infections. In our study some serum-resistant strains were indeed highly pathogenic, while an association of this phenotype with a strain's ability to cause severe systemic disease is questionable consid- ering the different degrees of virulence of the remaining serum-resistant strains. A further point supporting the hypothesis that serum resistance may not be useful as a "pathotype marker" per se is that nearly all A environ E. coli strains isolated from different sources in chicken coops appeared to be as serum resistant as APEC, irrespective of their virulence genes. Thus, in general, this phenotype might instead confer tenacity to the bacteria, enabling them to survive even outside a host, which would in a way contribute to their transmission, a suggestion that clearly needs to be explored further in the future.
Pyelonephritis-associated fimbriae are known to play a crucial role in the pathogenesis of APEC and UPEC infections by means of their PapG adhesin, which occurs as different molecular variants encoded by the three alleles of the corresponding gene, papG (8, 20, 35) . In our study, the papG-positive E. coli strains included not only APEC strains (40.3%) but also A fecal strains (9.0%), whereas A environ strains were negative for this adhesin gene. Consistent with the findings of previous studies of the prevalence of papG alleles in APEC, our analysis showed that papG allele II was by far the most predominant allele in both outbreak strains (93.8%) and A fecal nonoutbreak strains (94.7%), while papG allele III was detected in only one strain of these two groups (41, 42) . It has been shown that strains which cause pyelonephritis and bacteremia in humans more commonly contain papG allele II (22) , whereas papG allele III has been associated with human cystitis (19) . Johnson et al. showed that PapGIII sequences from humans and dogs are largely indistinguishable and suggested that if humans do acquire ExPEC from dogs, the acquisition is probably primarily related to papG allele III-containing strains (19, 22) . Similarly, Vandemaele et al. (42) found that the PapGII sequences of two avian strains were highly homologous (99%) or identical to the PapGII sequences of human strains. Although we did not sequence the papG allele sequences, we hypothesize that both avian pathogenic and A fecal strains from clinically healthy chickens probably have zoonotic potential, as numerous scenarios of transmission between birds and humans via physical contact, contaminated dust, eggs, etc. can be envisioned.
The supposed zoonotic potential of APEC strains, particularly A fecal strains from healthy birds, is further supported by the phylogenetic background of the strains and their in vivo pathogenicity. In a rigorous study comparing human ExPEC and commensal strains using a mouse model, Picard et al. (34) hypothesized that the virulence or nonvirulence of a strain cannot be systematically inferred from its "commensal" or "pathogenic" origin but can be inferred from its phylogenetic background (34) . They observed that phylogenetic group B2 strains were the strains most virulent for mice, which was in agreement with the presence of a large number of VAGs, and this is why virulence was suggested to be an ancestral characteristic in the B2 phylogenetic group (25) . Le Gall et al. (25) performed association studies which revealed that the extraintestinal virulence of group B2 strains involves a multigenic process with a common set of virulence determinants which could also be viewed as intestinal colonization and survival factors linked to commensalism, as they could increase the fitness of the strains in the normal gut environment. Indeed, it has recently been demonstrated that the presence of intestinal EcoR group B2 E. coli strains harboring typical ExPEC VAGs correlates with successful colonization in piglets (38) . Other workers have also shown that extraintestinal pathogenic human and animal group B2 and D strains have a greater frequency and diversity of virulence traits than group A and B1 strains (3, 4, 12, 18, 25) , which is compatible with our results. Moreover, MLST analysis revealed that a considerable number of nonoutbreak strains could be assigned to sequence types that are quite common in ExPEC strains not only of avian origin but also of human origin. A fecal strain IMT15146 (O1:K1:H7) was allocated to ST95 of STC95, which according to the data available to date (www .mlst.net) comprises 150 K1-positive human and animal strains capable of causing extraintestinal infections like septicemia, UTI, and newborn meningitis, as well as human commensal E. coli strains obtained from the guts of clinically healthy patients, indicating that there may be similar intestinal reservoirs in birds and humans. Another A fecal strain, IMT14782 (Ont:NM), belonged to ST69 of STC69, which to date includes almost exclusively human UTI strains (n ϭ 39) and contains only four strains from animals with unknown clinical histories. Other sequence types (ST58, ST115, ST420, ST428, and ST429) identified among nonoutbreak strains in our study are quite small groups in the database but nevertheless contain K1-positive ExPEC strains from avian and human sources. Capsular serotype K1 E. coli strains are highly associated with invasive diseases, and interestingly, the A fecal strains that have been grouped in the sequence types mentioned above also possess the K1 biosynthesis gene neuC, supporting the hypothesis that they have pathogenic potential. The fact that these strains and the strains whose sequence types so far are unknown were potent colonizers of internal organs of 5-week-old intratracheally infected chickens and the fact that most of them in addition produced organ lesions that were significantly larger than those produced by negative control strain IMT11327 support our hypothesis that an E. coli subpopulation within the avian intestine serves as a reservoir for extraintestinal pathogens that could emerge as virulent strains if there were a change in the environment or host immunity.
In conclusion, virulence genotyping and phylogenetic data, including EcoR analysis and MLST data, show that certain nonoutbreak strains, particularly A fecal strains originating from the intestine of clinically healthy poultry, have zoonotic potential because they either are directly transferred from birds to humans or serve as a genetic pool for extraintestinal pathogenic strains. A rigorous epidemiological study to determine the diversity of the E. coli population in the chicken intestine is currently being performed in our lab in order to analyze the frequency of such strains in the chicken gut, with the goal of developing intestinal intervention strategies in the future.
